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Aldo S. Gago*a and K. Andreas Friedrich*aeLow Ir loading oxygen evolution reaction (OER) catalysts with superior
activity and durability for proton exchange membrane (PEM) electro-
lyzers are an important topic in industry and academia. One possible
strategy for addressing this challenge is the use of support materials
that are stable under highly corrosive acidic environments at a high
working potential (>1.4 V). Moreover, highly porous structure is
another key criteria for OER catalyst support to achieve a high elec-
trochemical surface area. Here, we report a novel Ir supported on
a SnO2:Sb aerogel OER catalyst (Ir/SnO2:Sb-mod-V), which was
prepared under ambient pressure by using vanadium additives. It
shows an unrivaled activity and enhanced stability, on which vanadium
does not play any active role but demonstrates the inﬂuences that
changes the porosity of the aerogel support and aﬀects the impurity
content of the chlorine. By taking advantage of the high porosity of the
aerogel substrate, Ir/SnO2:Sb-mod-V allows a decrease of more than
70 wt% for precious metal usage in the catalyst layer while keeping
a similar OER activity compared to its unsupported counterpart.PEM electrolyzers have attracted great attention as a promising
technology to store intermittent electricity from solar or wind
energy in the last decade. To date, Ir-based electrocatalysts are
still the only technically feasible option as an anode catalyst to
promote the oxygen evolution reaction (OER) because theycs, German Aerospace Center (DLR),
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–3178combine both high activity and considerable stability.1
However, a large amount of Ir (3–0.5 mg cm2) is necessary,
compared to less than 0.3 mg cm2 of Pt on the cathode side, to
overcome the sluggish OER reaction kinetics, which lowers the
eﬃciency of the electrolyzer.1,2 Considering the high cost and
scarcity of Ir, extensive research has been performed to address
this challenge.3–7
Recently, two main strategies were used for reducing the Ir
loading: (i) developing highly active amorphous IrOx based
catalysts and (ii) using an electro-conductive ceramic as
a substrate material.3,4 Regarding the rst strategy, Cherevko
et al. and Danilovic et al. investigated amorphous IrOx lms on
Ir; they showed higher activities than annealed IrO2 layers, yet
a higher dissolution rate.8,9 Nanoparticles of IrOx–Ir and Ir-
black also show much higher activities compared to state-of-
the-art thermally treated IrO2.7 Markovic and co-workers re-
ported one IrRuOx electrocatalyst with improved stability due
to the segregation of the Ir into Ir nano-domains by annealing
the catalyst.10 Seitz et al. developed an IrOx/SrIrO3 catalyst by
leaching Sr from the surface of SrIrO3, outperforming even
RuOx systems.3
By taking the second approach, our group demonstrated
improved Ir utilization compared to Ir-black by depositing
metallic Ir nano-particles on Magne´li phase Ti4O7 without
further thermal treatment.6 Chen et al. also reported an
amelioration for the OER in acidic medium when using Ti4O7 as
a support for Ir-based catalysts.11 In recent years, the well-known
electro-ceramic tin oxide doped with antimony (SnO2:Sb) has
attracted signicant attention from the research community due
to its considerable electronic conductivity and high electro-
chemical stability.12–14 Puthiyapura et al. prepared and investi-
gated the rutile phase of IrO2 supported on commercial SnO2:Sb
particles, showing improved Ir utilization.15 In addition, Strasser
and co-workers developed a highly active catalyst consisting of
IrNiOx supported on mesoporous SnO2:Sb and revealed a metal/
metal oxide support interaction (MMOSI) between amorphous
IrOx and SnO2:Sb, resulting in an enhancement of the intrinsic
OER activity.4,16This journal is © The Royal Society of Chemistry 2017
Communication Journal of Materials Chemistry AThe precious metal utilization and stability of nano-
structured Ir anodes of PEM electrolyzers have yet to be further
improved, the aforementioned eﬀorts notwithstanding. In this
context, three-dimensional (3D) aerogel structures of carbon17
and SnO2:Sb18 are widely studied as catalyst supports for the
oxygen reduction reaction (ORR) due to their ultra-high
intrinsic specic surface area. In the present work, we develop
an iridium supported on a SnO2:Sb aerogel catalyst (Ir/
SnO2:Sb-mod-V) for OER with well-retained highly porous
structure by using V additives during synthesis, showing an
unprecedented activity concurrent with an excellent stability
compared to Ir/SnO2:Sb and unsupported IrOx. The retained
porosity of aerogel substrate aer synthesis yields an
increased electrochemical surface area, which is directly
correlated with catalyst performance. Previous works have
reported that vanadium can enhance the electrocatalyst
performance either by forming M–V (M is precious metal)
alloy19–21 or by surface vanadium redox species modica-
tion.22,23 However, our results demonstrate that vanadium
species are not an active part for OER, rather showing the
signicant inuences on retaining the aerogel structure
under atmospheric drying and lowering the impurity content
of the chlorine. To the best of our knowledge, we present for
the rst time the exploitation of the highly porous 3D struc-
ture of aerogel support for enhancing OER activity. The
synthesized catalysts were characterized by X-ray photoelectron
spectroscopy (XPS), scanning electron microscope (SEM), energy-
dispersive X-ray spectroscopy (EDS), high-resolution transmission
electron microscopy (HRTEM) and atomic force microscopy
(AFM). Cyclic voltammetry (CV), chronopotentiometry and copperFig. 1 XPS analysis: surface and bulk element composition proﬁles of (a)
Ir4f and V2p spectra, respectively. In the insets of panels (c) and (d), the re
This journal is © The Royal Society of Chemistry 2017underpotential deposition (Cu-UPD) were carried out to evaluate
the performance and stability of the catalysts.
An aerogel of SnO2:Sb was formed by drying a previously
synthesized gel using a sol–gel route from metal alkoxide
precursors in supercritical conditions.24 Nanoparticles of Ir
were reduced under an Ar atmosphere, according to the previ-
ously reported synthesis,6 and deposited on the aerogel
substrate. In the case of Ir/SnO2:Sb-mod-V, an ammonium
metavanadate (NH4VO3) was introduced aer the addition of
the surfactant cetyltrimethylammonium bromide (CTAB) to the
solvent. Unsupported IrOx was achieved by the same method
without adding the SnO2:Sb aerogel. All the prepared catalysts
were used without further thermal treatment, avoiding the
formation of the IrO2 rutile phase, which shows lower OER
activity than the amorphous IrOx produced via electrochemical
oxidation.9
Using XPS analysis, shown in Fig. 1, vanadium was clearly
identied in the Ir/SnO2:Sb-mod-V sample. According to the
elemental composition prole depicted in Fig. 1a, the atomic
concentration of vanadium was 3–4 at%, which was approxi-
mately 3 times less than the concentration of iridium, corre-
sponding to a wt% Ir : V ratio of approximately 10 : 1. It is worth
mentioning that 30 wt% of V (vs. IrV) was calculated as the
nominal ratio (atomic V : Ir ratio of approximately 1.6 : 1) for
the synthesis, which is much higher than the content detected
by XPS, meaning that more than half of V was not reduced and
rinsed away aerwards.
The elemental composition prole of Ir/SnO2:Sb, depicted in
Fig. 1b for comparison, exhibits very similar elemental
concentrations, but with no vanadium (see ESI†), a slightlyIr/SnO2:Sb-mod-V and (b) Ir/SnO2:Sb. Panels (c) and (d) show detailed
spective atomic ratios of Ir-metal : Ir-oxide and VO2 : V2O5 are plotted.
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Fig. 2 (a) SEM image of Ir/SnO2:Sb-mod-V; (b, c) 300 kV aberration-
corrected HRTEM images of Ir/SnO2:Sb-mod-V at diﬀerent magniﬁ-
cations, SnO2:Sb particles are lined with yellow, while Ir-containing
areas are marked in red; (d) 300 kV aberration-corrected HRTEM
image of Ir/SnO2:Sb.
Journal of Materials Chemistry A Communicationreduced carbon signal that was detected predominantly on the
sample surface. In both cases, the samples were dominated by
Sn and O. The bulk Sn : O ratio equals 0.4, which was slightly
lower than the expected stoichiometric ratio of the SnO2
support material. The additional O could be due to additional
oxidized components or possibly contamination. It is worth to
mention that the Cl contaminates show an apparent increase
in the sample of Ir/SnO2:Sb, 5.25 at% compared to 0.88 at% of
Ir/SnO2:Sb-mod-V, which normally has a strong negative eﬀect
on precious metal electrocatalysts.25,26 This change is ascribed
to NH4VO3 additions during synthesis, NaBH4 shows a more
powerful reducing properties when V species present in the
reaction solution, resulting in a diﬀerent residual Cl content.
The Ir composition, obtained by peak tting of the Ir4f
detailed spectra shown in Fig. 1c, is depicted in the inset.
Apparently, the surface iridium was fully oxidized, while the
metal : oxide ratio increased to 8–10 for the bulk (tsputter > 20 s).
Vanadium was detected by measuring the V2p orbital spectra. To
discriminate between the V2p peaks and overlapping O1s satel-
lite peaks, the tted signals before sputtering were added in
Fig. 1d (see also ESI†). According to the tted V2p3/2 levels at peak
positions at 516.4 and 517.3 eV, the corresponding vanadium
species has been identied as VO2 and V2O5; no metallic vana-
dium was detected, which was expected between 512–513 eV.27,28
The ratio prole of the vanadium-oxide species, provided as an
inset, shows that V2O5 clearly dominates at the sample surface,
but mainly VO2 was found to occur in the bulk.
EDS combined with SEM was used for the elemental distri-
bution analysis to analyze the presence of vanadium and chlo-
rine impurity further. The results (Table S2†) show the wt%
ratio of Ir : V equals approx. 10 : 1 in the sample of Ir/SnO2:Sb-
mod-V, in agreement with the XPS measurements described
above. Ir/SnO2:Sb was also analyzed under the same conditions
for comparison purposes (Table S3†), and the absence of the V
signals indicates that the V observed on Ir/SnO2:Sb-mod-V was
indeed derived from the precursor NH4VO3. Chlorine impurity
changes shows the same trend as observed from XPS, ca. 5 times
higher in the case of Ir/SnO2:Sb.
The morphology of the Ir/SnO2:Sb-mod-V was analyzed with
SEM by using the secondary electron as shown in Fig. 2a (also
Fig. S2(b), see ESI†). By comparison with the original SnO2:Sb
aerogel (Fig. S2(a), see ESI†), the highly porous structure of
aerogel was retained aer Ir deposition when the V compounds
were present on its surface. Clearly, the highly porous structure
of Ir/SnO2:Sb was damaged in the samples without V, as
apparent from the dense (Fig. S2(c), see ESI†), at (Fig. S3(d),†
low resolution) morphologic surface. One plausible explanation
is that the vanadium compounds, either VO2 or V2O5, reduce the
surface tension of the ethanol solution, thereby also reducing
the capillary pressure force during the atmospheric drying of
the catalyst. It has been reported that replacing a high surface
tension solvent with a low surface tension solvent leads to the
retention of the 3D cross-linked structure of aerogels during
atmospheric drying.29 The corresponding back scattered elec-
tron SEM images (Fig. S3(a) and (c), see ESI†) show a uniform Ir
dispersion on both Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb on a larger
scale, in which Ir particles are present as bright tiny spots.3174 | J. Mater. Chem. A, 2017, 5, 3172–3178Fig. 2b shows the HRTEM image of Ir/SnO2:Sb-mod-V.
Particles, such as those surrounded by yellow dashed lines,
with a size of ca. 10 nm were identied as a single particle of
SnO2:Sb aerogel. The small dark particles, indicated by red
circles and arrows, were attributed to Ir nano-particles with
a smaller particle size of ca. 2–3 nm. As we can see, some of the
Ir particles were situated on the substrate as single particles and
were well-dispersed on the aerogel structure, while some show
agglomeration as illustrated in the red circle of Fig. 2b. One
selected area of the Ir/SnO2:Sb-mod-V is shown in Fig. 2c at
higher magnication, where a single Ir particle is next to
SnO2:Sb particles. Crystallographic analysis enabled the (111)
lattice plane of the Ir nano-particles and the (110) lattice plane
of the SnO2 particles to be discerned. Interestingly, no evidence
of V was found at the nano-scale, as shown in Fig. 2b and c,
which implies that Ir and V did not form a solid solution and
that the V was distributed heterogeneously in the sample of Ir/
SnO2:Sb-mod-V. For comparison, a HRTEM image of Ir/SnO2:Sb
is shown in Fig. 2d. As expected, Ir and SnO2:Sb were recognized
based on the Ir (002) lattice plane and the SnO2 (101) lattice,
with characteristic distances of 1.92 A˚ and of 2.67 A˚, respec-
tively. A similar structure of Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb at
the nano-scale indicates that the presence of V had no signi-
cant inuence on the microstructure of the Ir catalysts sup-
ported on SnO2:Sb.
Electronic conductivity, which normally inuences perfor-
mance, is an important parameter for evaluating electro-
catalysts. An AFM conductivity measurement was carried out for
this purpose. Two SnO2:Sb aerogel supported Ir catalysts were
deposited on a Si wafer and electrically connected to the metal
substrate with conductive silver paste. Fig. 3a and b show theThis journal is © The Royal Society of Chemistry 2017
Fig. 3 AFMmeasurements: contact currentmapping of (a) Ir/SnO2:Sb-mod-V and (b) Ir/SnO2:Sb; panel (c) shows the bearing area vs. current for
the two supported catalysts, evaluated from AFM current mappings; 3D topography of (d) Ir/SnO2:Sb-mod-V and (e) Ir/SnO2:Sb.
Communication Journal of Materials Chemistry Acurrent mapping of Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb, respec-
tively. The conductive area was (95  4)% for Ir/SnO2:Sb-mod-V
and (91  3)% for Ir/SnO2:Sb. The magnitude of the conductive
area percentage with a varied threshold current is shown in
Fig. 3c. No signicant diﬀerence in conductivity between Ir/
SnO2:Sb-mod-V and Ir/SnO2:Sb was observed. Also a similar
mean size of the conductive agglomerates was determined at
28 nm for Ir/SnO2:Sb-mod-V and 27 nm for Ir/SnO2:Sb.
Surface roughness can be an indicator for the porosity of
powder samples. The porosity is another key parameter for
evaluating electrocatalysts, especially OER catalysts, because
the porosity inuences water transport and the detachment of
oxygen. For Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb, the roughness
(Ra) determined from three diﬀerent spots on the samples at the
3 mm scale was (100  20) nm for Ir/SnO2:Sb-mod-V and (80 
20) nm for Ir/SnO2:Sb. However, one should be aware of the
large error bars, 20 nm in both cases, and the importance of
inter-agglomerate roughness. The mean error is a result of the
heterogeneities of the samples at this scale. Note that the
determination of (Ra) on a smaller area taking care that only the
surface of one agglomerate is measured (evaluating 300  300
nm2 areas) leads to a reduced roughness (16  1 nm for Ir/
SnO2:Sb-mod-V and 12 nm  1 nm for Ir/SnO2:Sb). It was,
however, larger for the V-modied sample. In Fig. 3d and e,
topography images of Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb are
given. Their diﬀerence in surface roughness implies that the 3D
porous structure of Ir/SnO2:Sb-mod-V was retained aerThis journal is © The Royal Society of Chemistry 2017synthesis, while the porous structure partially collapsed in the
case of Ir/SnO2:Sb. This was in agreement with the SEM
morphology analysis.
Three catalysts were electrochemically oxidized by 10 cycles
of CV between 0 V and 1.6 V vs. a reversible hydrogen electrode
(RHE) (Fig. S7, see ESI†). Aerwards, 3 cycles of CV were carried
out from 1.0 V to 1.6 V to examine OER activity. The rst CV
cycle aer capacitance correction is shown in Fig. 4a. Both
SnO2:Sb aerogel supported Ir catalysts displayed signicantly
enhanced OER activity normalized by Ir loading compared to
the unsupported IrOx catalyst that we previously published.7
Furthermore, Ir/SnO2:Sb-mod-V exhibited slightly higher OER
mass activity compared with Ir/SnO2:Sb. Ir mass activity was
compared at an overpotential of 280 mV (Fig. 4b), where mass
transport eﬀects were negligible. At this potential, unsupported
IrOx, Ir/SnO2:Sb and Ir/SnO2:Sb-mod-V reached 33.2 A g
1, 94.6
A g1 and 121.5 A g1, respectively. For comparison, IrOx/com.-
ATO and IrNiOx/meso-ATO reported by Nong et al.,4 reached ca.
32 A g1 and 89 A g1, respectively. It is worthwhile to note that
any comparison of mass activities is diﬃcult because the
measured values depend greatly on the electrode preparation
method, the amount of ionomer in the catalyst layer, the elec-
trolyte concentration, etc. Even so, the most signicant result is
the fact that the three catalysts showed similar geometric OER
activity, while the supported samples contained only ca. 28 wt%
Ir on the electrodes (Fig. S8, see ESI†), showing that the SnO2:Sb
aerogel support had successfully improved Ir utilization. InJ. Mater. Chem. A, 2017, 5, 3172–3178 | 3175
Fig. 4 (a) OER activity performance of Ir/SnO2:Sb-mod-V, Ir/SnO2:Sb and unsupported IrOx, 25 C, N2-saturated 0.05 M H2SO4, 5 mV s
1,
1600 rpm; (b) mass activity comparison under an overpotential of 280 mV; (c) Cu-UPD proﬁle of Ir/SnO2:Sb-mod-V; (d) charge comparison
based on Cu-UPD stripping peaks among three catalysts; (e) stability tests: chronopotentiometry with a current density of 1 mA cm2 for 15
hours, 25 C, N2-saturated 0.05 M H2SO4; (f) duty cycle measurements: the corresponding potential under 1 mA cm
2 after each duty cycle was
recorded. Ir loading on electrodes: 60 mg cm2 for IrOx, 17 mg cm
2 for Ir/SnO2:Sb-mod-V and Ir/SnO2:Sb.
Journal of Materials Chemistry A Communicationmore practical terms, one can foresee that it is possible to retain
high eﬃciencies with less than 70 wt% Ir loading in the
membrane electrode assembly (MEA). In this context, the use of
aerogel supports paves a way to develop ultra-low loading Ir
anodes for PEM electrolyzers.
The Tafel slope of three catalysts are given in Table 1,
43.7 mV dec1, 41.8 mV dec1 and 40.9 mV dec1 for IrOx, Ir/
SnO2:Sb and Ir/SnO2:Sb-mod-V, respectively. The slight diﬀer-
ence between supported catalysts and unsupported catalyst can
be attributed to the inuence fromMMOSI.16 Similar Tafel slope
implies that three catalysts have the same active center, namely
Ir, and V does not contribute to the OER catalysis in the case of
Ir/SnO2:Sb-mod-V. This is conrmed by XPS analysis onTable 1 Tafel slope comparison
Catalyst IrOx Ir/SnO2:Sb Ir/SnO2:Sb-mod-V
Tafel slope (mV dec1) 43.7 41.8 40.9
3176 | J. Mater. Chem. A, 2017, 5, 3172–3178electrode surface (Fig. S10, ESI†) aer electrochemical oxidation
(seq. 1 and seq. 2 in Table S1†), a ca. 95 at% decrease of vana-
dium content strongly indicates that V is only a transient before
catalyst electrochemical activation. It does not play any active
role in OER catalysis, rather inuencing the porosity of aerogel
support and residual chlorine content.
The catalyst particles of Ir/SnO2:Sb-mod-V aer 10 CV cycles
of electrochemical oxidation (EC) were collected and analyzed
by HRTEM. The image (Fig. S4, see ESI†) showed that Ir and
SnO2:Sb retained a similar size and structure, ca. 2 nm and
10 nm, respectively, compared to the fresh sample. This indi-
cates that no signicant changes, either for Ir particles or
SnO2:Sb particles, were observed aer the EC protocol.
To further elucidate the OER activity diﬀerence among the
three catalysts, a Cu-UPD measurement was performed to
determine the charge during Cu-UPD stripping, which is related
to the electrochemical surface area. Copper is a suitable choice
for UPD on iridium because both elements have similar atomic
radii: Cu (0.128 nm) and Ir (0.136 nm).30 The integration of theThis journal is © The Royal Society of Chemistry 2017
Communication Journal of Materials Chemistry ACu-UPD stripping peak area analysis enables the calculation of
the electrochemical surface area of Ir, supposing one copper
atom adsorbed onto one surface iridium atom and that 2 elec-
trons are transferred.31 Fig. 4c shows the Cu-UPD prole of Ir/
SnO2:Sb-mod-V and its background CV curve measured in the
same electrolyte without Cu2+. The Cu-UPD peak appeared in
the cathodic scan at ca. 0.38 V vs. RHE. This was followed by
copper overpotential deposition (Cu-OPD) from ca. 0.25 V.32 The
anodic peak from 0.35 V to 0.72 V vs. RHE was attributed to the
Cu-UPD stripping and used for evaluating the UPD charge; the
values are provided in Fig. 4d.
Based on their Cu-UPD stripping peaks (Fig. S11, ESI†),
a charge of 220.6 C g1 relative to the Ir loading was observed for
Ir/SnO2:Sb-mod-V, whereas the charge for Ir/SnO2:Sb and
unsupported IrOx was 148.9 C g
1 and 89.5 C g1, respectively.
This result was in agreement with the Ir mass normalized OER
activity under an overpotential of 280 mV, implying that the Cu-
UPD stripping charge can be used as an indicator of the elec-
trochemical surface area for metallic Ir-based OER catalysts.
Chronopotentiometry was used for evaluating the stability,
presented in Fig. 4e. As we can see, the potential of unsupported
IrOx and Ir/SnO2:Sb, under a constant current density of 1 mA
cm2, increased sharply to 2.0 V vs. RHE aer ca. 7 and 12 h,
respectively. On the contrary, no signicant potential increase
was observed for Ir/SnO2:Sb-mod-V during the 15 h test. The
result demonstrates that the stability of the electrodes with
supported catalysts was clearly promoted by using SnO2:Sb
aerogel substrate, and it was further enhanced in the case of Ir/
SnO2:Sb-mod-V due to its higher support porosity and less Cl

contaminates, resulting in a higher accessible electrochemical
surface area.
The stability of the catalysts were further conrmed by per-
forming a “duty-cycle” protocol (details see ESI†), which was
proposed by Strasser and co-workers to simulate PEM electro-
lyzer working conditions,4 to provide a dynamic operation
environment. The results are shown in Fig. 4f. Unsupported
IrOx and Ir/SnO2:Sb completely lost their activities aer 9 and 14
duty-cycles, respectively, while the overpotential of Ir/SnO2:Sb-
mod-V at 1 mA cm2 increased only slightly aer 15 duty-
cycles, in agreement with the stability trend shown in Fig. 4e.
Based on the above investigation, the boosted OER activity
and superior stability of Ir/SnO2:Sb-mod-V can be explained by
the following: (1) Ir utilization was signicantly increased by
using an aerogel structure as a support because of its 3D cross-
linked porous structure, conrmed by Cu-UPD measurements;
(2) possibly, the MMOSI between Ir and SnO2:Sb additionally
enhanced the OER;16 (3) V compounds (VO2 or V2O5), which
present as a transient, help to retain the highly porous 3D
structure of the aerogel and lower the chlorine impurity
content, leading to a high electrochemical surface area.
In summary, conductive ceramic aerogel, SnO2:Sb, has been
introduced for the rst time as OER catalyst supports for PEM
electrolyzers, showing promising applications. The highly
porous structure of SnO2:Sb aerogel was successfully retained by
using V additives under atmospheric drying. Ir/SnO2:Sb-mod-V
demonstrates an unprecedentedly improved Ir utilization and
enhanced stability, which is attributed to its high porosity ofThis journal is © The Royal Society of Chemistry 2017aerogel substrate and low chlorine impurity content, resulting
in a high accessible electrochemical surface area. V addition
importantly inuences the porosity of catalyst support and Cl
contaminates content, but does not play any active role in OER
catalysis. Chlorine-contained precursor should be avoided in
future work to get rid of Cl contaminations. Further under-
standing of surface and electronic interactions between the
SnO2:Sb aerogel substrate and Ir active sites requires ne struc-
ture spectroscopies and in operando characterization tech-
niques. These studies are part of our ongoing work. In addition,
atomic layer deposition (ALD)method, which is a novel approach
for preparing advanced Pt-based catalysts for PEM fuel cells,33
should be used and compared as a reference in the future work in
order to compete with the cutting-edge technique.
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